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Edited by Michael R. BubbAbstract Trophinin mediates homophilic and apical cell adhe-
sion between trophoblastic cells and endometrial epithelial cells,
which is potentially the initial attachment step in human embryo
implantation. Since trophinin is an atypical membrane protein
without the signal sequence, it is possible that trophinin localizes
to the cytoplasm. By treating trophinin-expressing trophoblastic
cells with a series of detergents, we found signiﬁcant levels of
endogenous trophinin in the cytoplasm, particularly at the nucle-
ar envelope (NE). Fluorescence photobleaching of GFP-trophi-
nin expressed in COS-1 cells showed the stable association of
trophinin with the NE, suggesting an additional role of trophinin
besides apical cell adhesion.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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matrix; Lamin1. Introduction
Trophinin is a membrane protein potentially mediating the
initial adhesion of human embryo to the uterine epithelia
through a unique apical cell adhesion between trophoblastic
cells and endometrial cells [1]. Trophinin is an unusual plasma
membrane protein, as it lacks the signal for the sorting path-
way for a cell surface protein. The mechanisms for how troph-
inin is transported to the apical plasma membranes are not yet
understood.
The upstream region of the trophinin gene is transcribed in
several alternatively spliced forms to produce magphinins [2].
Although the transcript for magphinin–trophinin exists [2,3],
there is no evidence for this fusion protein in vivo in the
mouse.
The processes of human embryo implantation include rapid
proliferation and invasion of trophoblasts, which are often
compared with those of malignant tumor cells. Recent study
on testicular cancer revealed a striking correlation of trophininAbbreviations: PCR, polymerase chain reaction; SDS–PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; GFP, green ﬂuo-
rescent protein; NE, nuclear envelope
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doi:10.1016/j.febslet.2005.10.012expression with malignancy [4], suggesting that trophinin plays
a role in cell motility.
To understand trophinin for multiple functions, we investi-
gated the subcellular localization of trophinin. This report pro-
vides evidence for stable association of trophinin with inner
nuclear membranes.2. Materials and methods
2.1. Plasmid vectors
The full-length human trophinin cDNA including N-terminal cod-
ing region [1] was cut out by EcoRI (5 0 end) and PstI (at 2117 bp),
and was subcloned into Bluescript vector. Trophinins cDNA between
PstI site and the stop codon was ampliﬁed by polymerase chain reac-
tion (PCR) using forward primer TGGACCAAGCACTGGTGTT
and reverse primer AAAGGATCCGCCATACGAGAAGCCACA
(BamHI site underlined), and was inserted between PstI and BamHI
sites of trophinin/Bluescript vector. Myc-tag was created by PCR using
forward primer TTTGGATCCGAACAGAAACTGATCTCT (Bam-
HI site underlined) and SP6 primer as a reverse primer using a vector
containing myc sequence in pcDNAI as a template. Ampliﬁed myc
fragment was digested by BamHI and XbaI, and was subcloned
into the 3 0 end of trophinin/Bluescript. The trophinin-myc cDNA
was cut out by EcoRI and XbaI and was subcloned into pcDNA3.1
(Invitrogen).
GFP-trophinin was generated from trophinin-myc/pcDNA3.1. The
EcoRI (blunted) and BamHI fragment of trophinin-myc cDNA was li-
gated into KpnI (blunted) and BamHI sites of pEGFP-C1 (Clontech).
Trophinin–GFP was generated by subcloning of EcoRI and BamHI
(blunted) fragment of trophinin-myc cDNA at EcoRI and Aor51HI
sites of ChkDSH3DSH2-GFP [5] in pcDNA4/TO vector (Invitrogen).
Vectors for bystin-FLAG was generated by inserting human bystin
cDNA [6] in-frame at EcoRI and KpnI sites of pFLAG-CMV-5b
(Sigma).2.2. Cells and transfection
A human trophoblastic teratocarcinoma HT-H cells [1] and COS-1
cells were cultured in Iscoves modiﬁed Dulbeccos medium containing
5% fetal bovine serum. COS-1 cells were transfected using Lipofect-
AMINETM 2000 Reagent (Life Technologies), as we reported previ-
ously [7].2.3. Antibodies
Monoclonal anti-trophinin antibody (clones 3–11, IgM) was de-
scribed previously [8], and monoclonal anti-magphinin antibody (clone
2E2, IgG2) was generated by immunizing Balb/c mouse with a syn-
thetic peptide LEPTTRTRGKRNRKSKH of human magphinin-
alpha (Genbank Accession No. AAK30170). Spleen cells from
immunized mice were fused with myeloma P3X cells to yield 2E2 clone.
Monoclonal anti-lamin B1 (L-5) and anti-myc (PL14) antibodies were
purchased from Zymed and MBL, respectively. Monoclonal anti-
FLAG (M2) antibody was from Sigma.blished by Elsevier B.V. All rights reserved.
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For cell-surface staining, cells were ﬁxed with 4% paraformaldehyde
for 20 min at room temperature but not permeabilized. Cells were
reacted with anti-trophinin and FITC-conjugated secondary antibody.
Intracellular staining was distinguished from cell-surface staining by
permeabilizing unﬁxed cells with phosphate-buﬀered saline containing
0.1% saponin and 3% bovine serum albumin for 30 min [9], treating
with 0.5% Triton X-100 for 1 min at room temperature prior to the ﬁx-
ation with paraformaldehyde. Alternatively, cells were ﬁxed with 100%
methanol at 30 C for 1 min. After staining with anti-trophinin and
FITC-conjugated secondary antibody, cells were treated with 200 lg/
ml RNaseA and 100 lg/ml propidium iodide for 30 min to stain
DNA as described [7].
COS-1 cells transfected with GFP-trophinin or trophinin-GFP
were reacted with anti-lamin B1 and TRITC-conjugated secondary
antibody. When transfected with trophinin-myc, cells were reacted
with anti-myc and TRITC-conjugated secondary antibody. ConfocalFig. 1. Localization of endogenous trophinin expressed in HT-H cells. (A) H
(B) HT-H cells treated with (lower panel) or without (upper panel) Triton X
ﬁxed with 100% methanol were reacted with anti-trophinin. (D) HT-H cells ﬁx
blot analysis of HT-H cell lysate with anti-magphinin. Green: trophinin (A–and Nomarski images were obtained using an FV500 (Olympus) la-
ser-scanning microscope. Emission signals were detected between
505 and 530 nm for ﬂuorescein, at >580 nm for rhodamine and
>650 nm for propidium iodide. Care was taken to ensure that there
was no bleed-through from the ﬂuorescein signal into the red channel
[5].2.5. Western blot analysis
COS-1 cells transfected with GFP-trophinin, trophinin-GFP or
trophinin-myc and HT-H cells were washed, and scraped in 2· sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) sam-
ple buﬀer containing 50 lg/ml aprotinin, 100 lg/ml leupeptin, 25 lM
pepstatin A, and 2 mM PMSF at 4 C. Proteins were resolved by
SDS–PAGE, transferred to polyvinylidene ﬂuoride membranes. The
membranes were incubated with primary antibody and horseradish
peroxidase-conjugated F(ab 0)2 fragments of secondary antibodyT-H cells ﬁxed but not permeabilized were reacted with anti-trophinin.
-100, before ﬁxation were reacted with anti-trophinin. (C) HT-H cells
ed with 100% methanol were reacted with anti-magphinin. (E) Western
C) or magphinin (D); red: DNA. Bars, 10 lm.
Fig. 1 (continued)
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(Amersham Biosciences) using an Image Analyzer LAS-1000plus
(Fujiﬁlm) [9].
2.6. Nuclear matrix fractionation
Cells were washed, and extracted with cytoskeleton (CSK) buﬀer
[11]: 10 mM Pipes, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM
MgCl2, 1 mM EGTA, supplemented with protease inhibitors and
0.5% Triton X-100 at 4 C for 3 min. Chromatin was digested with
DNase I (>2.5 U/100 ll) in CSK buﬀer at 37 C for 30 min, and eluted
serially with CSK buﬀer containing 0.25 M ammonium sulfate at 4 C
for 5 min, with 2 M NaCl in CSK buﬀer for 5 min, and with 1% Emp-
igen BB [7] in CSK buﬀer.
2.7. FRAP analysis
FRAP experiments were performed as described [10]. COS-1 cells
were transfected with GFP-trophinin, and cultured for one day. Cells
were maintained at 37 C on a stage of a Fluoview FV500 laser-scan-
ning microscope. Time-lapse sequences were recorded and the mean
ﬂuorescence intensities within regions of interest were quantiﬁed using
Fluoview Tiempo time course version 4.2 software.3. Results
3.1. Localization of the endogenous trophinin in HT-H cells
When trophinin-expressing trophoblastic HT-H was reacted
with anti-trophinin under non-permeabilized condition, troph-
inin was found on the cell surface (Fig. 1A). When HT-H cells
were ﬁxed with paraformaldehyde and then permeabilized,
trophinin was found in the cytoplasm (Fig. 1B upper panel).
However, when HT-H cells were treated with 0.5% Triton X-
100 prior to ﬁxation with paraformaldehyde, trophinin was
found at the rim around the nuclei or nuclear envelope (NE)(Fig. 1B lower panel). Such NE staining was also obtained
when HT-H cells were ﬁxed with cold methanol (Fig. 1C).
These results suggest that trophinin is expressed on cell surface
and inside of the cells in HT-H cells.
The trophinin gene encodes magphinins, which were found
to localize to the cytoplasm and the nucleus in the mouse [2].
To determine if NE staining is caused by a magphinin–troph-
inin fusion protein, we generated monoclonal anti-magphinin
antibody (clone 2E2). HT-H cells ﬁxed with methanol and
reacted with anti-magphinin showed the nuclear and cytoplas-
mic staining but no NE staining (Fig. 1D), which is distinct
from those for trophinin (Fig. 1C). Western blot analysis of
the HT-H cell lysates showed a 80 kDa band expected for mag-
phinin-alpha, but failed to detect a 140 kDa magphinin–troph-
inin fusion protein (Fig. 1E). Thus NE localization of
trophinin does not involve the component of magphinin.
3.2. Subcellular localization of recombinant trophinin proteins in
COS-1 cells
COS-1 cells transfected with equal amount of plasmid DNA
encoding GFP-trophinin, trophinin-GFP and trophinin-myc
were analyzed by Western blotting using anti-trophinin. As
shown in Fig. 2A, the fusion proteins expressed in COS-1 cells
showed a molecular mass about 97 kDa (GFP-trophinin and
trophinin-GFP) and about 70 kDa (trophinin-myc) consistent
with expected molecular size for each protein (69 kDa for
trophinin plus a molecular mass for GFP or myc). GFP-troph-
inin showed slightly faster electrophoretic mobility than troph-
inin-GFP, of which the reason is unclear presently.
COS-1 cells were transfected as described above, and then cells
were ﬁxed with methanol and treated with propidium iodide to
Fig. 2. Localization of recombinant trophinin proteins in COS-1 cells. (A) Western blot analysis of GFP-trophinin, trophinin-GFP and trophinin-
myc expressed in COS-1 cells with anti-trophinin. Expected molecular weight for GFP-fused trophinin 96 kDa, and that for trophinin-myc is 70 kDa.
Arrowheads indicate trophinin, and asterisks show non-speciﬁc bands. Trophinin near the top of the gel may be aggregates due to an over-expression
of trophinin. (B,C) Fluorescence micrographs for GFP-trophinin (B) or trophinin-GFP (C) in COS-1 cells, which were ﬁxed but not permeabilized
(each top panel) or permeabilized (each bottom panel). Cells were also stained with antilamin B1. Note that green ﬂuorescence for trophinin
completely overlaps with laminB1 on the NE (far right, bottom). (D) COS-1 cells expressing trophinin-myc were stained with anti-myc and FITC-
labeled secondary antibody. (E) COS-1 cells expressing bystin-FLAG with (upper) or without (lower) GFP-trophinin. Bars, 10 lm.
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rescence byGFP-trophinin and trophinin-GFPwere detected at
the NE (Fig. 2B,C; top panel), giving patterns similar to that of
endogenous trophinin found in HT-H cells (Fig. 1).
GFP-trophinin and lamin B1 (Fig. 2B,C, lower panel) com-
pletely overlap in the NE in COS-1 cells. In addition, immuno-
cytochemistry for trophinin-myc using anti-myc showed the
signal both on the cell surface (Fig. 2D, upper panel) and
inside of the cells at the NE (Fig. 2D, lower panel). These
results conﬁrm trophinin localization to the cell surface, the
cytoplasm, and the NE.
Since a cytoplasmic protein, bystin, directly associates with
trophinin [6], we asked if bystin associates with trophinin in
the NE. Immunoﬂuorescence microscopy of COS-1 cells
co-transfected with GFP-trophinin and bystin-FLAG showed
that bystin localizes to the cytoplasm, nucleoli, and NE
(Fig. 2E upper panel). However, when bystin-FLAG alone
was expressed, bystin was not found at the NE (Fig. 2E lower
panel), suggesting bystins NE localization is trophinin-depen-
dent. Nuclear localization of bystin in Drosophila has been
reported recently [12], and the localization of bystin in the
nucleoli is consistent with the predicted role of yeast bystin,
Enp1, in the biogenesis of ribosomes [13].3.3. Tight nuclear association of trophinin
In an attempt to further characterize the association of
trophinin with the NE, we took an approach of sequential
extraction [11] (Fig. 3). In the ﬁrst fractionation step, soluble
proteins were removed by extraction with cytoskeleton
(CSK) buﬀer containing 0.5% Triton X-100. Chromatin pro-
teins were then released by DNase I digestion followed by
extraction with 0.25 M ammonium sulfate. After washing with
2 M NaCl, the residual fraction should be composed of struc-
tural nuclear matrix proteins and nuclear matrix-associated
proteins.
After CSK buﬀer extraction of HT-H cells, endogenous
trophinin remained in the cytoplasm and the NE (Fig. 3A
upper panel). Upon DNase treatment, trophinin at the NE
remained (Fig. 3A lower panel). In GFP-trophinin transfected
COS-1 cells, CSK buﬀer and DNase treatment gave similar
results (Fig. 3B) as endogenous trophinin in HT-H cells
(Fig. 3A). Thus, both trophinins remained in the nuclear
matrix fraction. Lamin B1, the nuclear matrix protein, showed
a similar resistance against the extraction by CSK buﬀer and
DNase treatment (Fig. 3C). These results demonstrate that
trophinin localizes to the NE in a manner similar to the nucle-
ar matrix protein lamin B1.
Fig. 3. Association of trophinin with nuclear matrix. (A) HT-H cells were extracted with cytoskeleton (CSK) buﬀer to leave insoluble fraction (upper
panel), and then treated sequentially to leave the nuclear matrix (see Section 2) (lower panel). Samples were ﬁxed with 100% methanol and
immunostained with anti-trophinin. (B) COS-1 cells transfected for GFP-trophinin were treated as in (A,C) HT-H cells were treated as described in
(A) and immunostained with anti-lamin B1. Bars, 10 lm.
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Since well-established NE proteins stably associate with the
nuclear membrane through a selective retention mechanismmediated by the nuclear lamina [14] and they are less mobile
than proteins in ER membranes [15], we tested the turnover
rate of trophinin in the NE. When a cytoplasmic area (squared
Fig. 4. Mobility of GFP-trophinin at the nuclear envelope. (A) COS-1 cells were transfected with GFP-trophinin. The nuclear envelope region
(circled area) and the cytoplasmic region (boxed area) were photobleached, and the cell was monitored for the next 5 min at 30 s intervals. Times
shown are duration from completion of the photobleaching. (B) Quantiﬁcation of ﬂuorescence recovery. Note that the appearance of two spikes
(boxed area) is due to rapid passage of mobile aggregates. Bar, 10 lm.
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nin moved to the bleached area rapidly, being consistent with
the rapid mobility of ER membranes. By contrast, when ﬂuo-
rescence at the NE was bleached (circled area in Fig. 4A),
unbleached GFP-trophinin did not move in within the time
tested (Fig. 4A and B). This slow recovery rate of trophinin
at the NE is similar to those reported for other integral nuclear
membrane proteins [16,17]. These results (Fig. 4) together
with the results of the nuclear fractionation (Fig. 3) suggest
that trophinin is a part of the stable nuclear membrane
components.4. Discussion
In this study, we presented data suggesting that trophinin
is one of integral nuclear membrane components. Abnormal
localization of cell-adhesion molecule to the NE has been
reported for desmoglein, one of the desmosomal glycopro-
teins in esophageal squamous cell carcinoma (SCC) cells
[18]. In normal epithelial cells, desmoglein is concentrated
at the desmosomes. However, in SCC cells desmoglein
was found throughout the cytoplasm as well as in the sur-
rounding outer nuclear envelope, suggesting an aberrant dis-
tribution of desmoglein contributes to invasiveness in SCC
cells.
In our analysis, a nuclear rim-like pattern of endogenous
trophinin was detected only when cells were extracted with
detergents. A possible explanation for this is such that
detergents remove proteins blocking an access of anti-troph-inin. The NE localization was also found by recombinant
trophinins in transfected COS-1 cells. Furthermore, co-local-
ization of GFP-trophinin with a nuclear network of inter-
mediate ﬁlament protein lamin B1 was established in this
study.
Reports by others on NE proteins indicate that inner nuclear
membrane proteins become immobilized after being recruited
to the NE [15]. Indeed, FRAP measurements on cells that ex-
press GFP-tagged inner nuclear membrane proteins such as
emerin and LBR [15,16] conﬁrmed a considerable reduction
in the mobility of proteins that are localized to the NE com-
pared with those that are distributed throughout the ER.
The detergent insolubility and immobilization of trophinin
suggest that trophinin may be one of the inner nuclear mem-
brane components [15,16,19].
Underlying the NE is a meshwork of nuclear matrix proteins
[20] that are in close contact with the inner nuclear membrane
resident proteins [21]. Well-characterized inner nuclear mem-
brane proteins in mammalian cells include the lamin B recep-
tor [22], lamin-associated polypeptides 1 and 2 (Lap1 and
Lap2) [23], emerin [24], and Man1 [25]. These proteins are
immobilized in the NE through their interaction with lamina
components and/or chromatin [20,26,27]. It remains to be
determined which region of trophinin interacts with lamina
components.
Since so-far known function of trophinin is in cell adhesion
[1] and invasion [4], it is interesting to test whether trophinin in
the NE promotes invasiveness. Further study of trophinin that
localizes to the NE may help in understanding the trophoblas-
tic cancers in humans.
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